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METHOD FOR FUNCTIONALIZING 
CARBON NANOTUBES UTILIZING 

PEROXIDES 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

The present application claims priority to the following 
US. Provisional Patent Applications: Ser. No. 60/426,784, 
?led Nov. 15, 2002, and Ser. No. 60/483,817, ?led Jun. 30, 
2003, both of Which are incorporated herein by reference. 

This invention Was made With support from the Robert A. 
Welch Foundation (Grant Nos. C-0109), the Texas Higher 
Education Coordinating Board’s Advanced Technology Pro 
gram (Grant Nos. 003604-0026-2001), and the National 
Science Foundation. Government may have certain rights. 

FIELD OF THE INVENTION 

This invention relates generally to carbon nanotubes, 
particularly the functionaliZation of carbon nanotubes, and 
more particularly to a method for functionaliZing the Wall of 
carbon nanotubes utiliZing peroxides. 

BACKGROUND OF THE INVENTION 

Since their discovery in 1993, single-Walled carbon nano 
tubes (SWNT) have become an area of Wide-reaching 
research and development activity due to their exceptional 
chemical and physical properties, including high strength, 
stiffness, and thermal and electrical conductivity. SWNT are 
holloW, tubular fullerene molecules consisting essentially of 
spZ-hybridiZed carbon atoms typically arranged in hexagons 
and pentagons. Single-Wall carbon nanotubes typically have 
diameters in the range of about 0.5 nanometers (nm) and 
about 3.5 nm, and lengths usually greater than about 50 nm. 

Multi-Wall carbon nanotubes are nested single-Wall car 
bon cylinders and possess some properties similar to single 
Wall carbon nanotubes. HoWever, since single-Wall carbon 
nanotubes have feWer defects than multi-Wall carbon nano 
tubes, single-Wall carbon nanotubes are generally stronger 
and more conductive. 

There is considerable interest in the chemical modi?ca 
tion of single-Wall carbon nanotubes to take advantage of 
single-Wall carbon nanotubes’ remarkable tubular frame 
Work structure in various applications, particularly, in the 
engineering of multi-functional materials. SWNT deriva 
tiZed With organic functional groups can provide a high 
binding af?nity and selectivity through formation of either 
hydrogen or covalent bonds. Through functionaliZation, 
SWNT can exhibit improved solubility in common organic 
solvents, as Well as improved material properties and pro 
cessability of composites, including ?bers and nanotube 
reinforced composite materials, such as those based on 
organic and inorganic polymers. SWNT that have been 
chemically derivatiZed With hydrophilic substituents, such 
as those containing terminal hydroxyl or carboxylic acid 
groups, are particularly attractive for medical and biological 
applications. 

Exohedral SWNT functionaliZation can generally be clas 
si?ed into three main categories: 1) non-covalently bonded, 
supramolecular complexation, Wrapping and coating With 
detergents and polymers, such as given in International 
Patent Publication, “Polymer-Wrapped Single-Wall Carbon 
Nanotubes” WO 02/016257 published Feb. 28, 2002, incor 
porated herein by reference in its entirety; 2) generation and 
functionaliZation of open and closed tube ends, such as 
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2 
given in International Patent Publication, “Carbon Fibers 
formed from Single-Wall Carbon Nanotubes, WO 98/39250 
published Sep. 11, 1998, incorporated herein by reference in 
its entirety; and 3) direct chemical functionaliZation of the 
nanotube sideWalls using addition reactions, such as given in 
“Chemical DerivatiZation of Single-Wall Carbon Nanotubes 
to Facilitate Solvation Thereof, and Use of DerivatiZed 
Nanotubes,” W0 00/ 17101 published Mar. 30, 2000, incor 
porated herein by reference in its entirety. 
Of the tWo chemically-bonded functionaliZation catego 

ries, the functionaliZation referred to as “end-derivatiZa 
tion,” or “end-functionaliZed” Will be de?ned herein to 
include bonds on edges and open tube ends. “SideWall 
derivatiZation” or “sideWall functionaliZation” Will be 
de?ned herein to include bonds made to the Wall that keep 
the carbon-carbon bonds of the Wall intact. “End-cap deriva 
tiZation” or “end-cap functionaliZation” Will be de?ned 
herein to include bonds made to the end cap that keep the 
carbon-carbon bonds of the end cap intact. Regardless of 
Whether the single-Wall carbon nanotubes are derivatiZed on 
their ends, sides, end caps, or combination thereof, the 
SWNT Will be referred to as derivatiZed SWNT for conve 
nience and clarity. 

End-functionaliZation of single-Wall carbon nanotubes 
often proceeds through oxidation routes to form shortened 
nanotubes With carboxylic acid groups at the tube ends 
Which can be further derivatiZed by reactions With a chlo 
rinating agent, such as thionyl chloride, and long-chain 
amines or by esteri?cation. Carboxylic acid functionality 
can also be created on SWNT edges and defects on partially 
etched (“unzipped”) side Walls by oxidative treatment With 
various oxidants. 

SideWall functionaliZation of carbon nanotubes, in Which 
the nanotube Walls are kept intact, has been much more 
dif?cult to achieve than open end-functionaliZation. Meth 
ods to functionaliZe SWNT sideWalls With organic groups 
include ?uorination (see E. T. Mickelson, et al., Chem. Phys. 
Lett. 1998, 296, 188), folloWed by subsequent reactions With 
reactions With alkyl lithium and metal alkoxides (see P. J. 
Boul, et al,. Chem. Phys. Lett. 1999, 310, 367, R. K. Saini, 
et al., J. Am. Chem. Soc. 2003, 125, 3617, and E. T. 
Mickelson, et al., J. Phys. Chem. B, 1999, 103, 43184322), 
as Well as by Grignard reagents (see V. N. Khabashesku, et 
al, Acc. Chem. Res. 2002, 35, 1087, and Khabashesku, V. N. 
and Margrave, J. L. “Chemistry of Carbon Nanotubes” in 
The Encyclopedia ofNanoscience and Nanotechnology, S. 
NalWa, Ed. American Scienti?c Publ. 2003) or diamines (see 
I. L. Stevens, et al., Nano Lett. 2003, 3. 331) and reactions 
With aryl diaZonium salts (see I. L. Bahr, et. al., J. Am. 
Chem. Soc. 2001, 123, 653646542 “Bahr”), aZomethine 
ylides (see V. Georgakilas, et al., J. Am. Chem. Soc. 2002, 
124, 760; V. Georgakilas, et al., J. Chem. Soc. Chem. 
Commun. 2002, 3050; D. Pantarotto, et al., J. Am. Chem. 
Soc. 2003, 125, 6160); carbenes (see Y. Chen, et al., J. Mat. 
Res. 1998, 13, 242342431, J. Chen,. et al., Science, 1998, 
282, 95498, and M. HolZinger, et al., Angew. Chem. Int. Ed 
2001, 40, 400241005 (“HolZinger”)); nitrenes (see HolZ 
inger) and organic radicals (see HolZinger, H. Peng, et al, J. 
Chem. Soc. Chem. Commun., 2003, 362, andY. Ying, et al., 
Org. Lett. 2003, 9, 1471). 
One method of functionaliZing fullerenes With moieties 

having terminal carboxylic acid groups has been demon 
strated with C60 using a tWo-step process (Bingel 2+1 
cycloaddition reaction folloWed by deesteri?cation) yielding 
carboxylated methanofullerene structures. (see Kini, V. U.; 
Khabashesku, V. N.; Margrave, J. L. Rice Quantum Institute 
Sixteenth Annual Summer Research Colloquium. Aug. 9, 
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2002, Abstr. p. 25.) However, When applied to single-Wall 
carbon nanotubes, the process Was much less ef?cient due to 
the inertness of single-Wall carbon nanotube to carbene 
addition via Bingel-type reaction. 

SideWall functionaliZation of single-Wall carbon nano 
tubes With aryl radicals has been reported When aryl diaZo 
nium salts Were reduced electrochemically using single-Wall 
carbon nanotube buckypaper as electrodes. (see Bahr). 
FunctionaliZation has also been reported using diaZonium 
compounds generated in situ. (see I. L. Bahr, et al., Chem. 
Mater 2001, 13, 3823*3824). Radical addition of per?uo 
roalkyl groups generated by photolysis of corresponding 
species possessing a carbon-iodine bond has also been 
reported by HolZinger. Other examples of sideWall function 
aliZation include electrochemical reductive and oxidative 
coupling by substituted phenylated derivatives (see S. E. 
Kooi, et al., Angew. Chem. Int. Ed, 2002, 41, 1353*1355) 
and electrophilic addition of chloroform folloWed by 
hydrolysis and esteri?cation (see N. Tagmatarchis, et al., 
Chem. Commun., 2002, 2010*2011). Dissolved lithium 
metal in liquid ammonia (Birch reduction) Was used to 
hydrogenate SWNT. (see S. Pekker, et al., J. Phys. Chem. B., 
2001, 105, 7938*7943.) 

There remains, hoWever, a need for a convenient and 
ef?cient method for non-destructively functionaliZing 
single-Wall carbon nanotubes With a variety of functional 
groups, especially organic groups Which can be used for 
further reactions, so as to be bound or otherWise associated 
With polymers, biomedical species, and other materials for a 
particular end-use application. 

SUMMARY OF THE INVENTION 

In one embodiment, the present invention involves a 
convenient, economical method for non-destructively func 
tionaliZing the sideWall of single-Wall carbon nanotubes 
(SWNT) or ?uorinated single-Wall carbon nanotubes utiliZ 
ing peroxides. In one embodiment, the method for sideWall 
functionaliZing a single-Wall carbon nanotube comprises 
decomposing a diacyl peroxide in the presence of carbon 
nanotubes Wherein the decomposition generates carbon 
centered free radicals that react and form covalently bonds 
With carbon in the single-Wall carbon nanotube Wall to form 
a single-Wall carbon nanotube sideWall functionaliZed With 
at least one organic group through a carbon bond to the 
nanotube. An acyl peroxide, also knoWn as a diacyl perox 
ide, is a compound With a structure of the type RC(O)OOC 
(O)R', Where R and R' groups can be either alkyl or aryl. In 
one embodiment, the acyl peroxide is an aroyl peroxide 
Wherein the R or R' group comprises an aromatic compo 
nent. In another embodiment, the acyl peroxide is an aroyl 
peroxide and comprises benZoyl peroxide, Which, upon 
decomposition, liberates carbon dioxide and generates phe 
nyl radicals that attach to the sideWalls of the nanotubes to 
form sideWall phenylated single-Wall carbon nanotubes. 

In an embodiment of the present invention, the acyl 
peroxide is a peroxydicarbonate. A peroxydicarbonate is an 
acyl peroxide Wherein the R and R' are alkoxy groups. In 
another embodiment, the acyl peroxide has terminal car 
boxylic acid groups. Examples of acyl peroxides With ter 
minal carboxylic acid groups include, but are not limited to, 
succinic acid peroxide and glutaric acid peroxide. In this 
embodiment, the peroxide decomposes, liberating carbon 
dioxide and forming carbon-centered free radicals that 
attach to the sideWalls of the nanotubes and provide organic 
groups With terminal carboxylic acid functionality that are 
then available for further reaction. An example of further 
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4 
reactions With a carboxylic acid functional group include, 
but are not limited to, reaction With a chlorinating agent 
(such as thionyl chloride) to form an acylchloride and 
further reaction of the acylchloride With an amine to form an 
amide or a diamine to form a amide linkage With a terminal 
amine group. 

Suitable peroxides for use With this invention include, but 
are not limited to, acyl peroxides, Wherein the R and R' 
organic groups can be the same or different. When the R and 
R' groups are the same, the acyl peroxide is a symmetrical 
peroxide. When the R and R' groups are different, the acyl 
peroxide is an asymmetrical peroxide. The R and R' organic 
groups of the acyl peroxide can comprise R and R' groups of 
the form including, but not limited to, alkyl, cyclic, aryl and 
combinations thereof. 

In one embodiment, the method involves generating a 
phenyl radical, such as through the decomposition of the 
acyl peroxide, benZoyl peroxide, and reacting the phenyl 
radical With an organic iodide to generate a carbon-centered 
radical from the organic group that Was bonded to the iodine. 
The organic group can be alkyl or aryl. When the organic 
group is an alkyl, the alkyl radical reacts With the single-Wall 
carbon nanotube to form a covalent bond With the sideWall 
of the single-Wall carbon nanotube to form a sideWall 
alkylated single-Wall carbon nanotube. The alkyl iodide can 
comprise various alkyl groups, including, but not limited to, 
a hydrocarbon alkyl group, an alkyl amide, an alkyl amine, 
alkyl halide, an alkyl cyanide, an alkyl ether, an alkyl 
thioether, a trialkyl phosphine, an alkyl carboxylic acid, an 
alkyl carboxylate and combinations thereof Generally, the 
number of carbons in the alkyl group of the alkyl iodide is 
in the range of 1 to about 30. All radicals attach by a carbon 
linkage to the carbon nanotube. 

In another embodiment, carbon-centered free radicals can 
be generated from hydroxyl radicals and organic sulfoxides. 
In this embodiment, hydroxyl radicals are formed from 
Fenton’s reagent, Wherein hydrogen peroxide and divalent 
iron react. The hydroxyl radicals further react With an 
organic sulfoxide of the form RiS(O)iR', to form .R and 
.R' carbon-centered free radicals. The .R and .R' free radicals 
then react With single-Wall carbon nanotubes and bond to the 
sideWall to form single-Wall carbon nanotubes With R and R' 
groups attached to their sideWall. R and R' can be the same 
or different. The R and R' groups can also be aryl groups, 
such as, but not limited to phenyl groups and other aromatic 
groups. The reaction generates carbon-centered free radicals 
from an organic sulfoxide and Will be referred to as a 
“Minisci” or “Minisci-type” reaction. The carbon-centered 
free radicals can be generated from the organic sulfoxide 
using Fenton’s reagent, Which generates hydroxyl radicals 
from the reaction of hydrogen peroxide and an Fe(II) 
catalyst, such as FeSO4. 
The method of this invention applies to both single-Wall 

and multi-Wall carbon nanotubes to functionaliZe the exte 
rior Wall of the carbon nanotube Without destroying the 
carbon Wall structure. Besides pristine, underivatiZed nano 
tubes, sideWall-?uorinated carbon nanotubes can also be 
used as the initial nanotubes for further sideWall derivatiZa 
tion. Although not meant to be bound by theory, the presence 
of sideWall ?uorine groups appears to make the nanotubes 
more reactive to sideWall derivatiZation. 

Certain properties of the nanotubes can be imparted to 
other materials more effectively When the nanotubes have 
sideWall functionality. The sideWall-functionaliZed nano 
tubes can be made more compatible and dispersible in other 
materials. In one embodiment, the non-destructive sideWall 
functionaliZation of single-Wall carbon nanotubes enables 
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the incorporation of the nanotubes into composite materials 
by reacting With an appropriate functionality attached to the 
sidewall of the single-Wall carbon nanotube. In another 
embodiment, the sideWall functionaliZation of single-Wall 
carbon nanotubes With aromatic groups or long chain alkyl 
groups, oligomers, or polymers can make the single-Wall 
carbon nanotubes more compatible With various materials, 
such as, but not limited to, polymers and other organic 
materials, and enable composites With high dispersability 
and enhancement of the materials’ properties. Because the 
structure of the nanotubes is still intact after the sideWall 
functionaliZation, the mechanical properties of the nano 
tubes can contribute to the strength and modulus of the 
composite materials. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 shoWs a reaction of one embodiment of the present 
invention Wherein benZoyl peroxide 1 is used to function 
aliZe the sideWall of a single-Wall carbon nanotube (SWNT) 
and form sideWall-phenylated-SWNT 2. 

FIG. 2 shoWs a reaction scheme of one embodiment of the 
present invention Wherein a phenyl radical, such as from 
benZoyl peroxide 1 reacts With RI 3, Where examples of R 
are given in the list of 411 though 4j, to form an .R 
carbon-centered free radical, Which attaches to the SWNT 
sideWall to form sideWall-derivatiZed R-SWNT 4. 

FIG. 3 shoWs a reaction scheme of one embodiment of the 
present invention Wherein hydrogen peroxide in the pres 
ence of Fe+2 forms a hydroxyl free radical. The radical is 
further reacted With dimethyl sulfoxide to form a methyl 
radical. The methyl radical attaches to the SWNT sideWall 
to form sideWall-methylated-SWNT 5a. 

FIG. 4 shoWs a reaction scheme of one embodiment of the 
present invention Wherein dimethyl sulfoxide in the pres 
ence of Fe+2 and hydrogen peroxide generates a methyl 
radical. The methyl radical in the presence of an iodo-R 
compound RI generates iodomethane and an .R carbon 
centered free radical. 

FIG. 5 shoWs a reaction scheme of one embodiment of the 
present invention Wherein an organic sulfoxide (RiS(O)i 
R') in the presence of Fe+2 and hydrogen peroxide generates 
.R and .R' radicals, Which further react With SWNT to form 
R- and R'-sideWall functionaliZed SWNT. 

FIG. 6 shoWs a reaction scheme of one embodiment of the 
present invention Wherein a dicarboxylic acid acyl peroxide 
such as 611 or 6b, in the presence of heat, liberates CO2 and 
generates a carbon-centered free radical Which bonds to the 
sideWall of a single-Wall carbon nanotube to form sideWall 
derivatiZed SWNT With organic groups having terminal 
carboxylic acid groups, such as 711 or 7b. 

FIG. 7 shoWs a reaction scheme of one embodiment of the 
present invention Wherein a single-Wall carbon nanotube 
side-Wall functionaliZed With alkyl having a terminal car 
boxylic acid group 711 is reacted With thionyl chloride to 
form an alkyl acyl chloride sideWall-functionaliZed SWNT 
Which is further reacted With ethylene diamine to form a 
sideWall alkyl amide functionaliZed SWNT 8, Wherein the 
sideWall organic group has a terminal amine. 

FIG. 8 shoWs a reaction scheme of one embodiment of the 
present invention Wherein a single-Wall carbon nanotube 
sideWall functionaliZed With an alkyl having a terminal 
carboxylic acid group 7b is reacted With thionyl chloride to 
form an alkyl acyl chloride sideWall-functionaliZed SWNT 
Which is further reacted With 4,4'-methylenebis(cyclohexy 
lamine) to form a side-Wall alkyl amide functionaliZed 
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6 
SWNT 9, Wherein the sideWall organic group has a terminal 
amine. The subscript “x” indicates a variable number of 
sidegroup attachments. 

FIG. 9 shoWs a reaction scheme of one embodiment of the 
present invention Wherein a single-Wall carbon nanotube 
side-Wall functionaliZed With an alkyl having a terminal 
carboxylic acid group 7b is reacted With thionyl chloride to 
form a terminal acyl chloride sideWall-functionaliZed 
SWNT Which is further reacted With diethyltoluenediamine 
to form an aryl side-Wall functionaliZed SWNT 10, Wherein 
the aryl sideWall function has an amide linkage and a 
terminal amine. The subscript “x” indicates a variable num 
ber of sidegroup attachments. 

FIG. 10 shoWs a reaction scheme Wherein single-Wall 
carbon nanotubes that have been sideWall functionaliZed 
With an ester are saponi?ed With sodium hydroxide and 
neutraliZed With hydrochloric acid to form single-Wall car 
bon nanotubes that have alkyl groups With terminal carboxy 
lic acid functionality, Which are further chlorinated With 
thionyl chloride to form an acyl chloride, Which is further 
reacted With octadecyl amine to form an alkyl amide group 
that is bonded to the single-Wall carbon nanotube sideWall, 
Where the subscript “x” indicates a variable number of 
sidegroup attachments. 

FIG. 11 shoWs Raman spectra for certain embodiments of 
the present invention, including spectra for the folloWing 
pristine and sideWall-derivatiZed SWNT, Wherein the sub 
script “x” indicates a number of sidegroup attachments 
Which is variable depending on the sidegroup and conditions 
of preparation: 

FIG. 11A for pristine SWNT; 
FIG. 11B for SWNT-(CH2CH2COOH)X; 
FIG. 11C for SWNT-(CH2CH2CH2COOH)X; and 
FIG. 11D for SWNT-(CH2CH2COOH),C after heating to 

800° C. in argon per TGA. 
FIG. 12 shoWs FTIR spectra for certain embodiments of 

the present invention including spectra for the folloWing 
sideWall-derivatiZed SWNT, Wherein the subscript “x” indi 
cates a number of sidegroup attachments Which is variable 
depending on the sidegroup and conditions of preparation: 

FIG. 12A for SWNT-(CH2CH2COOH)X; 
FIG. 12B for SWNT-(CH2CH2CONHCH2CH2NH2),C; 
FIG. 12C for SWNT 

(CH2CH2CONHC6HlOCH2C6HlONH2)x; and 

FIG. 13 shoWs TGA/MS of SWNT-(CH2CH2COOH)X, 
With peak evolutions due to the folloWing sidegroup frag 
ments and associated atomic mass: 

: 4CH2CH3 (mass: 29), 
: 4COOi (mass: 44), 
: 4COOH (mass: 45), 
: 4CH2CH2COOH (mass: 73) and 
: 4CH2CH2COOi (mass: 72). 

FIG. 14 shoWs 13 C NMR spectra for certain embodiments 
of the present invention including spectra for the folloWing 
pristine and sideWall-derivatiZed SWNT, Wherein the sub 
script “x” indicates a number of sidegroup attachments 
Which is variable depending on the sidegroup and conditions 
of preparation: 

FIG. 14A for pristine HIPCO SWNT; 

FIG. 14B for SWNT-(CH2CH2CH2COOH)X; 
FIG. 14C for SWNT-(CH2CH2COOH)X; and 
FIG. 14D for SWNT-(CH2CH2CONHCH2CH2NH2)x. 
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DETAILED DESCRIPTION OF SPECIFIC 
EMBODIMENTS OF THE INVENTION 

The carbon nanotubes, according to the present invention, 
can be made by any knoWn method. Single-Wall carbon 
nanotubes are generally made in high-temperature processes 
using a carbon source and a metallic catalyst, typically 
comprising Group VIb and/or Group VIIIb transition metals. 
Methods for synthesizing single-Wall carbon nanotubes 
include DC arc processes; laser vaporization of graphite 
doped With transition metal atoms; high temperature, high 
pressure gas-phase syntheses involving a carbon-containing 
feedstock gas, such as carbon monoxide; and a volatile 
transition metal catalyst precursor, and chemical vapor 
deposition (CVD) processes in Which single-Wall carbon 
nanotubes are formed from a carbon-containing gas on 
nanometer-scale metal catalyst particles, Which can be sup 
ported on a substrate or catalyst support. The process type 
and operating conditions Will produce single-Wall carbon 
nanotubes having a particular distribution of diameters and 
lengths. Generally, the lengths of as-produced single-Wall 
carbon nanotubes are in excess of about 50 nm, and more 
typically, greater than about 100 nm. Commonly, single-Wall 
carbon nanotubes have lengths in the range of about 1 and 
about 10 microns. 

All knoWn methods of synthesizing single-carbon nano 
tubes also produce a distribution of reaction products, 
including, but not limited to, single-Wall carbon nanotubes, 
amorphous carbon, metallic catalyst residues, and, in some 
cases, multi-Wall carbon nanotubes. The distribution of 
reaction products Will vary depending on the process and the 
operating conditions used in the process. 

The nanotubes can be optionally puri?ed. In one embodi 
ment, single-Wall carbon nanotube poWder is puri?ed to 
remove non-nanotube carbon, such as amorphous carbon 
and metallic catalyst residues. Metals, such as Group VI 
and/or VIII are possible catalysts for the synthesis of single 
Wall carbon nanotubes, and the metallic residues after 
catalysis may be encapsulated in non-nanotube carbon, such 
as graphitic shells of carbon. The metallic impurities may 
also be oxidized through contact With air or by oxidation of 
the non-nanotube carbon during puri?cation. 

Puri?cation can be done by any knoWn means. Procedures 
for puri?cation of carbon nanotubes are related in Interna 
tional Patent Publications “Process for Puri?ng Single-Wall 
Carbon Nanotubes and Compositions Thereof,” WO 02/064, 
869 published Aug. 22, 2002, and “Gas Phase Process for 
Purifying Single-Wall Carbon Nanotubes and Compositions 
Thereof,” WO 02/064,868 published Aug. 22, 2002, and 
incorporated by reference herein in their entirety. In an 
embodiment of the present invention, the nanotubes are 
puri?ed by heating at 250° C. in air saturated With Water 
vapor. The heating is done for a length of time so as to 
oxidize at least some of the non-nanotube carbon, and, may, 
to some extent, oxidize the metal impurities. The oxidation 
temperature can be in the range of about 200° C. to about 
400° C., preferably about 200° C. to about 300° C. The 
oxidation can be conducted in any gaseous oxidative envi 
ronment, Which can comprise such oxidative gases as such 
as oxygen, air, carbon dioxide, and combinations thereof 
The concentration of the oxidative gases can be adjusted and 
controlled by blending With nitrogen, an inert gas, such as 
argon, or combinations thereof The duration of the oxidation 
process can range from a feW minutes to days, depending on 
the oxidant, its concentration, and the oxidation temperature. 

After oxidatively heating the nanotubes, the nanotubes are 
treated With acid to remove metallic impurities and to form 
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8 
a slurry of nanotubes in the acid. The acid can be a mineral 
acid, an organic acid, or combinations thereof Examples of 
acids that could be used to treat and slurry the nanotubes 
include, but are not limited to, hydrochloric acid, hydrof 
luoric acid, hydrobromic acid, hydroiodic acid, sulfuric acid, 
oleum, nitric acid, citric acid, oxalic acid, chlorosulfonic 
acid, phosphoric acid, tri?uoromethane sulfonic acid, glacial 
acetic acid, monobasic organic acids, dibasic organic acids, 
and combinations thereof The acid used can be a pure acid 
or diluted With a liquid medium, such as an aqueous and/or 
organic solvent. Generally, an aqueous solvent is preferred. 
Concentrated aqueous hydrochloric acid is preferred for 
removing metallic impurities. 

After the metallic impurities react With the acid, the 
nanotubes are ?ltered and Washed to remove the acid from 
the nanotubes. Examples of Washing media that could be 
used to Wash the acid from the nanotubes include, but are not 
limited to, Water, alcohols, aldehydes, ketones, dilute alka 
line solutions, ammonium hydroxide, primary, secondary 
and teriary amines, oxygenated hydrocarbons, hydroxylated 
hydrocarbons, organic aromatics and combinations thereof. 

After the nanotubes are Washed, they can, optionally, be 
dried, such as in a vacuum oven or an inert environment, 
such as in nitrogen or an inert gas atmosphere, With or 
Without heat. 

Furthermore, the single-Wall carbon nanotubes can, 
optionally, be sideWall ?uorinated. SideWall ?uorinated 
single-Wall carbon nanotubes are designated “F-SWNT” 
herein. F-SWNT can be prepared, preferably With puri?ed 
single-Wall carbon nanotubes, by direct ?uorination using 
such procedures as given in Z. Gu, et al., Nano Lem, 2002, 
2, 1009. The SWNT can be ?uorinated to any level up to the 
theoretical limit of one ?uorine to tWo carbon atoms on the 
SWNT and still have the Wall structure intact. The stoichi 
ometry of maximum SWNT ?uorination is C2F. 

SideWall Functionalization of Carbon Nanotubes Utilizing 
Acyl and Aroyl Peroxides 

In one embodiment of the present invention, the decom 
position of acyl peroxides is used to generate carbon 
centered free radicals, Which non-destructively add organic 
groups through a carbon linkage to the sideWall and/or 
closed end cap of a carbon nanotube. 

Acyl peroxides, or alternatively, diacyl peroxides, have 
the chemical formula. RiC(O)O4O(O)CiR'. The O40 
bond is very Weak and under suitable conditions, the O40 
bond can readily undergo bond homolysis to form an inter 
mediate carboxyl radical Which decarboxylates to produce 
carbon dioxide and carbon-centered radicals, such as .R, .R', 
or a combination thereof. The R and R' groups can be the 
same or different. The R and R' can be alkyl, aryl, or cyclic. 
In addition, the R and R' groups can have terminal functional 
groups and contain heteroatoms, other than carbon and 
hydrogen. Acyl peroxides are conveniently and economi 
cally available, or can be synthesized, With a Wide variety of 
R and R' groups. 

In one embodiment of the present invention, an alkyl 
group, such as an undecyl (C11H23) group can be bonded to 
the sideWalls of single-Wall carbon nanotubes using undecyl 
groups generated by the decomposition of the acyl peroxide, 
also knoWn as lauroyl peroxide (Cl1H23iC(O)OO(O)Ci 
CUH23). Lauroyl peroxide is also knoWn by other nomen 
clature, such as, but not limited to, dilauroyl peroxide and 
dodecanoyl peroxide. The procedures for attaching alkyl 
groups to the sideWall of the nanotube comprise, making a 
suspension of nanotubes in a suitable solvent, such as 
benzene. Sonication, stirring and other means of agitation 
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can be used to facilitate dispersion of the nanotubes. The 
acyl peroxide is then added to the SWNT suspension. The 
nanotubes and peroxide are heated to a temperature above 
the decomposition temperature of the acyl peroxide and 
mixed for a time effective to decompose the peroxide, 
generate free carbon-centered radicals and bond the free 
radicals to the sideWalls of the carbon nanotubes. 

Examples of other suitable acyl peroxides of the form 
R4C(O)OiO(O)CiR', Wherein the R and R' are organic 
groups that can be the same or different and can include, but 
are not limited to, acetyl peroxide, n-butyryl peroxide, 
sec-butyryl peroxide, t-butyryl peroxide, t-pentoyl peroxide, 
iso-valeryl peroxide, furoyl peroxide, palmitoyl peroxide, 
decanoyl peroxide, lauroyl peroxide, diisopropyl peroxydi 
carbonate and butylperoxyisopropyl carbonate. The R or R' 
group can comprise a normal, branched or cyclic alkyl group 
Wherein the number of carbons can range from one to about 
30, and typically, in the range of about 8 and about 20. The 
R or R' group can contain one or more cyclic rings, examples 
of Which are trans-t-butylcyclohexanoyl peroxide, trans-4 
cyclohexanecarbonyl peroxide and cyclohexyl peroxydicar 
bonate, cyclopropanoyl peroxide, cyclobutanoyl peroxide 
and cyclopentanoyl peroxide. The acyl peroxides can con 
tain heteroatoms and functional groups, such as bromobu 

tyryl peroxide, (CCl3CO2)2, (CF3CO2)2, (CCl3CO2)2, (RO 
(CH2)nCO2)2, (RCH=CR'CO2)2, RCECCO2)2, and (NEC 
(CH2)nCO2)2, Where n:li3. 
The degree of functionaliZation of the nanotube Will 

depend on various factors, including, but not limited to, the 
type and structure of side group, steric factors, the desired 
level for an intended end-use, and the functionaliZation route 
and conditions. The generally accepted maximum degree of 
functionaliZation of a single-Wall carbon nanotube is one 
functional group per tWo single-Wall nanotube carbons. 

The carbon nanotube that is to be sideWall functionaliZed 
can be pristine, i.e. Without prior derivatiZation or function 
aliZation, or it can be already sideWall functionaliZed, such 
as sideWall ?uorinated single-Wall carbon nanotubes. The 
rate of SWNT sideWall functionaliZation is faster, in the case 
of the undecyl groups, When ?uorinated (F-SWNT) is used 
compared to un?uorinated SWNT. When F-SWNT is side 
Wall functionaliZed With an organic group, some of the 
?uorine atoms may remain bonded to the nanotube, such that 
the resulting nanotube has both ?uorine and organic sub 
stituents bonded to the sideWall. 

SideWall FunctionaliZation UtiliZing Aroyl Peroxides 
In another embodiment, aryl-containing groups are 

bonded to the sideWall of carbon nanotubes. Aryl free 
radicals are generated by aromatic acyl peroxides, also 
called aroyl peroxides, Wherein at least one R or R' organic 
group contains an aromatic moiety. In one embodiment, 
phenyl groups are bonded to the sideWall of single-Wall 
carbon nanotubes using phenyl radicals generated by 
decomposition of the aroyl peroxide benZoyl peroxide 
(C6H54C(O)OO(O)C4C6H5). The chemical reaction 
scheme is diagrammed in FIG. 1, Wherein benZoyl peroxide 
1 is used to functionaliZe the sideWall of a single-Wall carbon 
nanotube (SWNT) and form sideWall-phenylated-SWNT 2. 
Multiple phenyl groups can be attached to the sideWall of the 
nanotube. For example, in one embodiment, the degree of 
functionaliZation of phenylated single-Wall carbon nano 
tubes Was about one phenyl group per about 14 carbons of 
the single-Wall carbon nanotube. 

Other aroyl peroxides include, but are not limited to, 
cinnamoyl peroxide, bis(p-methoxybenZoyl)peroxide, 
p-monomethoxybenZoyl peroxide, bis(o-phenoxybenZoyl) 
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10 
peroxide, acetyl benZoyl peroxide, t-butyl peroxybenZoate, 
diisopropyl peroxydicarbonate, cyclohexyl peroxydicarbon 
ate, benZoyl phenylacetyl peroxide, and butylperoxyisopro 
pyl carbonate. The aroyl peroxide can also include heteroa 
toms, such as in p-nitrobenZoyl peroxide, p-bromobenZoyl, 
p-chlorobenZoyl peroxide, and bis(2,4-dichlorobenZoyl)per 
oxide. The aroyl peroxide can also have other substituents 
on one or more aromatic rings, such as in p-methylbenZoyl 
peroxide, p-methoxybenZoyl peroxide, o-vinylbenZoyl ben 
Zoyl peroxide, and exo- and endo-norbornene-5-carbonyl 
peroxide. The aromatic ring substitutions of the various 
groups and heteroatoms can also be in other positions on the 
ring, such as the ortho, meta or para positions. The aroyl 
peroxide can also be an asymmetric peroxide and include 
another organic group that can be an alkyl, cyclic, aromatic, 
or combination thereof. 

In another embodiment, organic iodides, herein denoted 
RI, can be used as a source of the R organic group for 
sideWall functionaliZation of the Wall of the carbon nano 
tubes. The R group can be an alkyl group, aryl group, cyclic 
group, or combination thereof. The R group can contain 
functional moieties, such as, but not limited to, carboxylic 
acid, carboxylates, cyanide groups, nitro groups, esters, 
ethers, ketones, amides, heteroatoms, such as nitrogen, 
oxygen, halogens, and combinations thereof Generally, the 
number of carbons in the organic iodide is in the range of l 
to about 30. The RiI bond is a carbon-iodine bond, such 
that the free radical generated from RI is a carbon-centered 
free radical. In this embodiment, RI is mixed With a perox 
ide, such as benZoyl peroxide. After the benZoyl peroxide 
decomposes to phenyl radicals, a free radical displacement 
of iodide by the phenyl radical generates an .R carbon 
centered free radical, Which then bonds covalently to the 
carbon nanotube sideWall. In embodiments Wherein the 
carbon nanotubes are single-Wall carbon nanotubes, the 
result is a sideWall R-derivatiZed SWNT. FIG. 2 shoWs a 
reaction scheme Wherein a phenyl radical (such as from 
benZoyl peroxide) undergoes a radical displacement of 
iodide from RI 3 to generate an R carbon-centered free 
radical and Wherein the .R free radical bonds to the SWNT 
sideWall and forms sideWall derivatiZed SWNT 4. Various 
organic R groups are shoWn in FIG. 2 as 411 through 4j. 
“THP” in 4g means “tetrahydropyran”. 

Solid State and Liquid State Preparation Procedures 
In another embodiment of the present invention, the 

proportion of single-Wall carbon nanotubes used is approxi 
mately one to tWo times that of the acyl peroxide on a Weight 
basis. For solid state reactions, a mechanically-ground mix 
ture of reactants is used in a sealed reactor, such as a 
stainless steel reactor. The temperature of the reactor is 
heated above the decomposition temperature of the perox 
ide, such as a temperature of about 2000 C. for a time 
suf?cient to carry out the reaction to the desired state of 
completion. The reaction time Will vary depending on the 
acyl peroxide used. A typical reaction time can be about 12 
hours. Solid state reactions can be done With solid peroxides 
and carbon nanotubes. The method is convenient and no 
solvent dispersion or solvent removal is required. 

For solution phase reactions, the single-Wall carbon nano 
tubes are dispersed in a suitable solvent, such as, for 
example, benZene, o-dichlorobenZene, or nitrobenZene. 

Dispersing the nanotubes in solvent can be facilitated by 
sonication or ultrasonication. The time required to disperse 
the nanotubes is dependent on the solvent and the amount 
and type of nanotubes being dispersed. Generally, the nano 
tubes can be dispersed in about 30 minutes to about 2 hours, 
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although longer mixing times may be required, depending 
on the dispersing apparatus, among other factors. After 
dispersing the nanotubes in solvent, the acyl peroxide is 
added and the mixture is re?uxed under an environment of 
nitrogen or an inert gas, such as argon. The solvent is also 
selected such that the re?uxing is done above the decom 
position temperature of the selected peroxide. For example, 
When using o-dichlorobenZene as a solvent and either ben 
Zoyl peroxide or lauroyl peroxide, the re?ux conditions are 
in a temperature range of about 800 C. to about 100° C. for 
a time in a range of about 3 hours to about 120 hours 
effective for the decomposition of the acyl peroxide to form 
carbon-centered radicals. For example, in one embodiment, 
puri?ed single-Wall carbon nanotubes are sonicated for 30 
minutes to suspend the nanotubes in benZene. The suspen 
sion is then heated in the presence of benZoyl peroxide to 
75° C. and held at temperature for 24 hrs under an argon 
atmosphere to bond phenyl groups to the single-Wall carbon 
nanotube sideWalls. 

After the sideWall functionaliZation reaction is complete, 
the sideWall functionaliZed single-Wall carbon nanotubes 
can be isolated from unreacted peroxides and by-products by 
Washing With solvent. For example, sideWall-functionaliZed 
SWNT can be ?ltered from the unreacted products and 
by-products, and Washed With a solvent, such as chloroform. 
The nanotubes can then be dried, such as in a vacuum oven 
at about 1000 C. overnight. 

Preparation of SWNT SideWall FunctionaliZed With Alkyl 
Radicals from Organic Iodides 

In another embodiment, the acyl peroxide, benZoyl per 
oxide, is used With R-iodide (RI) to attach organic R groups 
other than phenyl to the carbon nanotube sideWall. In this 
embodiment, benZoyl peroxide is decomposed to carbon 
dioxide and phenyl radicals. The phenyl radicals react With 
the R-iodide via an iodide displacement to form .R radicals. 
The .R radicals bond to the nanotubes to form carbon 
nanotubes With R groups bonded to the sideWall of the 
nanotubes. The chemical reaction scheme for this method of 
preparing sideWall functionaliZed SWNT is shoWn in FIG. 2, 
Wherein 3 is RI and 4 represents sideWall functionaliZed 
R-SWNT. Examples of R groups are also shoWn in FIG. 2 
as 411 through 4j. The groups represented are n-octadecyl 4a, 
n-propyl 4b, sec-butyl 4c, ethyl amide 4d, n-propyl chloride 
4e, actetonitrile 4], and n-propyl tetrahydropyran ether 4g, 
ethyl acetate 4h, poly(ethylene glycol)-n-butyl ether 4i, and 
neopentyl 4j. Examples of other R groups that may be 
attached to the sideWall of single-Wall carbon nanotubes in 
this manner, include, but are not limited to linear, cyclic and 
branched alkyl groups, (an example of a branched alkyl 
group is a neopentyl group), polymeric groups, such as 
polyethylene glycol, polyole?ns, polyesters, polyurethanes, 
functionaliZed polymer groups, such as polyethylene glycol 
n-butyl ether groups, functional groups such as ethers, 
alcohols, carboxylic acid groups, carboxylates, aromatic 
groups, aromatic groups substituted With functional groups, 
and/or heteroatoms, such as halides, nitro groups, amino 
groups, and combinations thereof. 

Preparation of SWNT SideWall FunctionaliZed With Methyl 
Groups 

Methyl radicals can be generated from dimethyl sulfoxide 
by the method of Minisci (see Fontana, F; Minisci, F.; and 
Vismara, E. Tetrahedron Len. 1988, 29, 197541978, 
“Minisci”, incorporated herein by reference) by reaction 
With hydroxyl radicals. A convenient source of hydroxyl 
radicals can be generated using Fenton’s reagent, Which 
includes hydrogen peroxide and a divalent iron catalyst. The 
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12 
methyl radicals generated from the dimethyl sulfoxide and 
hydroxyl radicals can bond to the carbon nanotube Wall to 
form sideWall methylated carbon nanotubes. One embodi 
ment for methylating the sideWall of single-Wall carbon 
nanotubes is diagrammed in FIG. 3. As shoWn in FIG. 3, 
hydrogen peroxide, in the presence of Fe”, forms a 
hydroxyl free radical. The radical is further reacted With a 
dimethyl sulfoxide to form a methyl radical. The methyl 
radical attaches to the SWNT sideWall to form a sideWall 
methylated-SWNT 5a. Although the methyl radicals effec 
tively bond to the sideWall of the SWNT, the resulting 
methylated SWNT has less solubility in most organic sol 
vents than SWNT alkylated With groups comprising more 
carbon atoms or larger functional groups. 

Preparation of Methyl Radicals Using the Minisci Route and 
the Formation of Other Organic Radicals Using Radical 
Displacement of Iodine 

Because the methyl radical is the least stable alkyl radical, 
it can be used to selectively generate other alkyl radicals. 
The methyl radicals generated using the Minisci method can 
also be used to generate other alkyl radicals using organic 
iodides (RI) as the source of other alkyl or aryl groups. This 
process, diagrammed in FIG. 4, offers another route to other 
free radicals and another embodiment for adding functional 
groups to the carbon nanotube sideWall. FIG. 4 shoWs a 
reaction scheme Wherein dimethyl sulfoxide, in the presence 
of Fe+2 and hydrogen peroxide, generates a methyl radical. 
The methyl radical in the presence of an iodo-R compound 
RI generates iodomethane and an .R carbon-centered free 
radical. Examples of R groups in RI include, but are not 
limited to, those previously listed herein. 

Preparation of SWNT SideWall FunctionaliZed With Various 
Organic R Groups Using the Minisci Method of Generating 
Free Radicals 

Alkyl and aryl radicals can be generated using the Minisci 
method using sulfoxides With various alkyl and/or aryl 
groups. In this embodiment, other alkyl groups can be 
attached to the SWNT sideWall Without the iodide replace 
ment reaction. In this embodiment, sulfoxides, Which have 
the form RiS(O)iR', Where iR and iR' can be the same 
or different, can also be used to generate various carbon 
radicals Without the use organic iodides. The R groups can 
be alkyl or aromatic or a combination thereof. This process, 
diagrammed in FIG. 5, offers another route to other free 
radicals and another embodiment for adding functional 
groups to the carbon nanotube sideWall. FIG. 5 shoWs a 
reaction scheme Wherein an organic sulfoxide (RiS(O)i 
R'), in the presence of Fe+2 and hydrogen peroxide, gener 
ates .R and .R' radicals, Which further react With SWNT to 
form R- and R'-sideWall functionaliZed SWNT. Examples of 
R groups shoWn in FIG. 5 include methyl groups 5a, 
n-propyl groups 5b, isopropyl groups 50, n-butyl groups 5d, 
sec-butyl groups 5e, and phenyl groups 5]. The R or R' group 
generally can comprise a number of carbons in the range of 
1 and about 30. 

Preparation of SWNT SideWall FunctionaliZed Organic 
Moieties With Terminal Carboxylic Acid Groups 

In another embodiment, alkyl groups terminated With the 
carboxylic acid functionality are attached to the sideWalls of 
the single-Wall carbon nanotubes. FIG. 6 shoWs an embodi 
ment Wherein a dicarboxylic acid acyl peroxide such as 611 
or 6b, in the presence of heat, liberates CO2 and generates a 
carbon-centered free radical Which bonds to the sideWall of 
a single-Wall carbon nanotube to form sideWall derivatiZed 
SWNT With organic groups having terminal carboxylic acid 














